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ABSTRACT
Recent mid-infrared high spatial resolution observations have revealed that active galactic nuclei
(AGNs) may host a polar dust region with the size of several pc, and such dust may be carried by
radiation from the central engine. The polar dust emission often exhibits very weak or absence of the
silicate 10-µm emission feature. A possible explanation is that the polar dust is dominated by micron-
sized large grains because these grains do not show the silicate feature, while it remains unclear how
large grains are preferentially supplied to the polar region. We here propose a new scenario describing
the prevalence of large grains at the polar region. We show that grains are accelerated to the hypersonic
drift velocity by the radiation pressure from AGN, and the hypersonic drift results in dust destruction
via kinetic sputtering. Sputtering destroys small grains faster than the large ones, and thus larger
grains will be preferentially blown over longer distance. Although the hypersonic drift, or kinetic
sputtering, tends to be suppressed for very small grains due to the Coulomb drag, they might also be
disrupted by Coulomb explosion. Removal of small grains and/or survival of large grains may explain
the lack of a silicate 10-µm emission feature in polar dust emission.
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1. INTRODUCTION
Dust is a crucial component of active galactic nuclei
(AGNs). Mid-infrared (MIR) emission is ubiquitously
observed in AGNs, and the emission is always compact
(< 10 pc; e.g., Packham et al. 2005; Ho¨nig et al. 2010;
Ramos Almeida et al. 2011; Alonso-Herrero et al. 2011;
Asmus et al. 2014; Ichikawa et al. 2015). This suggests
that there is a compact dusty region heated by opti-
cal/ultraviolet (UV) emission from the central engine
that is re-emitted thermally in the MIR (e.g., Gandhi
et al. 2009; Ichikawa et al. 2012; Asmus et al. 2015;
Ichikawa et al. 2017, 2019).
Recent MIR high spatial resolution interferometric ob-
servations have partially resolved the compact dusty re-
gion of nearby AGNs (D < 50 Mpc); these regions have
a size of a few pc (e.g., Burtscher et al. 2013). Inter-
estingly, these dusty regions appear to be elongated in
the polar direction (Ho¨nig et al. 2012, 2013; Tristram
et al. 2014; Lo´pez-Gonzaga et al. 2016; Leftley et al.
2018; Ho¨nig 2019), as opposed to the equatorial direc-
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tion where the conventional dusty region, commonly
termed as “torus”, is considered to be located (e.g., Urry
& Padovani 1995).
The above observations have prompted discussions on
the origin of the polar-elongated dusty region. Phe-
nomenological models have been developed by several
groups (Ho¨nig & Kishimoto 2017; Stalevski et al. 2017);
the main conclusion from these studies is that two com-
ponents are necessary to successfully reproduce the re-
solved near-IR to MIR spectral energy distributions
(SEDs), specifically, a geometrically thin dusty disk in
the equatorial direction and a hollow, cone-like polar
dusty region launching from the inner dust sublimation
region of the disk.
To reproduce such geometrical structures, more phys-
ically motivated radiative hydro-dynamical simulations
have been incorporated (e.g., Krolik 2007; Chan & Kro-
lik 2016; Williamson et al. 2018). Notably, Wada (2015)
proposed that a radiation-driven fountain model could
reproduce such a polar dusty region. In this model, the
dust is no longer static, but rather a dynamically moving
failed dusty outflow or “fountain” that produces the geo-
metrically thick polar-elongated structure. The fountain
is supported by the radiation pressure from the geomet-
rically thin gas/dust disk.
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One notable observational feature of the polar dust
emission is that silicate 10-µm emission feature is very
weak or sometimes absent (Ho¨nig et al. 2012, 2013;
Burtscher et al. 2013; Ho¨nig 2019), especially when com-
pared to the unresolved single dish telescope data. In
order to explain such weak silicate feature, sublimation
of small silicate grains or dusty outflow composed of
graphite grains have been discussed (e.g., Ho¨nig et al.
2012). Another possibility for weak silicate feature is
that MIR emission from the polar region is optically
thick (e.g., Laor & Draine 1993) because if dusty-gas is
optically thick, its emission spectrum approaches to the
black body.
Here, we propose a new possibility, where the po-
lar dust is predominantly composed of micron-sized or
larger grains, since large silicate grains do not efficiently
show silicate feature (e.g., Laor & Draine 1993). In this
case, dusty-gas at the polar region is not necessary to be
optically thick. In order to suppress silicate feature, sub-
micron-sized grains should be removed. Coulomb explo-
sion could eliminate very small grains (. 0.1 µm) (Wein-
gartner et al. 2006; Tazaki et al. 2020); however, it is in-
sufficient to destroy sub-micron-sized grains (& 0.1 µm)
at the pc-scale regions. Hence, it is not evident how
large grains are preferentially supplied to the polar re-
gion, while sub-micron-sized grains are removed.
In this paper, we resolve this problem by considering
drift-induced sputtering. We show that dust grains ir-
radiated by the harsh AGN radiation, e.g., in the polar
region, are subjected to the hypersonic drift due to radi-
ation pressure, which causes sputtering of grains. Since
smaller grains are destroyed faster than large grains
(e.g., Draine & Salpeter 1979), large grains are preferen-
tially blown over larger distance (e.g., several-pc scales).
This paper is organized as follows. In Section 2, we
summarize our AGN and torus models, as well as the
basic equations. In Section 3, we present results of nu-
merical calculations. A discussion and summary of our
findings are presented in Sections 4 and 5, respectively.
2. MODELS AND METHODS
We study two-dimensional motion of a dust grain as
well as its destruction irradiated by radiation from the
central engine and the dusty torus. Radiation models
are given in Section 2.1, and the equation of motion of
a dust grain is described in Section 2.2. Since grain
charge is necessary to compute the gas drag force and
the sputtering rate, we present a method to compute
grain charge in Section 2.3. Evolution of grain radius
by sputtering is given in Section 2.4. For the sake of
simplicity, uniform gas is assumed, that is, density and
temperature are constant in the calculation. In addition,
we assume that gas is at rest.
We adopted a simple model of the dusty disk of AGNs,
which is conventionally referred to as an AGN “torus”.
In this paper, cylindrical coordinates (r, φ, z) were used,
with the origin at the central AGN location.
2.1. AGN and Dusty Disk Model
We adopted the radiation spectra of AGNs used in
Nenkova et al. (2008) whose parameter is their bolomet-
ric luminosity (LAGN). As a dusty torus, we assumed
a flat dust disk geometry (torus component is confined
into z = 0 plane) for simplicity; this assumption is also
in good agreement with recent results suggesting a ge-
ometrically thin dust disk, as discussed in Section 1.
Hereafter, we refer to this dusty torus component as an
AGN “dusty disk”. The radial temperature distribution
of the dusty disk is assumed to obey a single power law,
Td(r) = Tin(r/rin)
q, where r is the radius and Tin and
rin are the dust sublimation temperature and radius,
respectively. The dust sublimation temperature and
power-law index were set as Tin = 1500 K and q = −0.5.
With the AGN bolometric luminosity LAGN = 10
45 erg
s−1, the inner and outer radii of the torus are rin = 0.4
pc (Barvainis 1987; Kishimoto et al. 2011; Koshida et al.
2014) and rout =10 pc (Kishimoto et al. 2011; Garc´ıa-
Burillo et al. 2016; Imanishi et al. 2016), respectively. In
this paper, we adopted MBH = 10
8M, which yields the
Eddington ratio of λEdd ' 0.08 for LAGN = 1045 erg s−1.
The SED of the dusty disk is given by
λLλ
LAGN
= 
8pi2λ
LAGN
∫ rout
rin
Bλ(Td(r))rdr, (1)
where we have introduced the parameter , the ratio of
the luminosities of the dusty disk and AGN;  is treated
as a free parameter. Figure 1 presents the SED of our
AGN and dusty disk model for various values of . In
terms of energy budget, it is expected  < 1 because
energy source of torus emission is radiation from the
central engine. Although  > 1 seems to be unrealistic,
we also consider such cases as a numerical experiment to
study the impact of torus radiation on grain dynamics.
2.2. Equation of Motion
We study dynamics of a dust grain at the vicinity of
AGN by solving the equation of motion:
drp
dt
=vp, (2)
md
dvp
dt
=Fgrav + Frad + Frad,torus + Fdrag, (3)
where md is the mass of a dust grain, rp and vp are the
position and velocity vectors of the dust grain, Fgrav
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Figure 1. Spectral energy distribution (SED) of our model
of the active galactic nucleus (AGN) and dusty disk. Ul-
traviolet (UV) and infrared (IR) components correspond to
AGN and dusty disk emission, respectively. For the dusty
disk model, luminosity models  = 0.1, 0.3, 1.0, and 3.0 are
shown.
is the gravitational force due to the central blackhole,
Frad and Frad,torus are the radiation pressure forces from
AGN and a dusty torus, respectively, and Fdrag is the
gas drag force. Initially, the dust grain is located at rinit
away from AGN at rest (vp = 0).
2.2.1. Gravity and Radiation Pressure
The gravitational force acting on a grain due to the
central blackhole is
Fgrav = −GMBHmd
r2p
rp
rp
, (4)
where G is the gravitational constant, MBH is the black-
hole mass, and rp = |rp| is the distance between AGN
and the grain.
The radiation pressure force acting on a grain is
Frad = Frad
rp
rp
, Frad = σd
∫ ∞
0
dνuνQpr(ν), (5)
where σd = pia
2 is the geometrical cross section of
the dust grain with radius a, ν is frequency of radia-
tion, uν is the specific energy density of radiation, and
Qpr = Qabs + (1 − g)Qsca is the radiation pressure ef-
ficiency; where Qabs, Qsca, and g are the absorption
and scattering efficiencies and the asymmetry param-
eter, respectively (Bohren & Huffman 1983). Frad can
be reduced to more simple expression:
Frad = σd
LAGN
4pir2pc
〈Qpr〉AGN, (6)
where c is the speed of light and 〈Qpr〉AGN is the
spectrum-averaged radiation pressure efficiency.
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Figure 2. The ratio of radiation pressure force to gravity.
Red and blue lines show silicate and carbonaceous grains,
respectively. Dashed lines show the β-values for 〈Qpr〉AGN =
1. The Eddington ratio is set as λEdd = 0.1.
The ratio of the radiation pressure from AGN radia-
tion and gravity, βAGN, is given by the following:
βAGN ≡ Frad
Fgrav
= λEdd
(
mp
σT
)(
σd
md
)
〈Qpr〉AGN, (7)
where mp is the proton mass, σT is the Thomson cross-
section, and λedd is the Eddington ratio of the radiation.
Both radiation pressure and gravity are inversely pro-
portional to the square of the distance from the AGN;
the ratio, βAGN, does not depend on the distance.
When the grain radius is sufficiently larger than the
incident wavelength, we can expect 〈Qpr〉AGN ' 1 (geo-
metrical optics). Substituting 〈Qpr〉AGN = 1 into Equa-
tion (7), we obtain a simple relationship for the radiation
pressure force with respect to the gravity:
βAGN ' 54
(
λedd
0.01
)(
a
1 µm
)−1(
ρs
3.5 g cm−3
)−1
,
(8)
where ρs is the material density. We assume ρs =
3.5 g cm−3 for silicate and 2.24 g cm−3 for graphite.
We computed Qpr using the Mie theory (Bohren &
Huffman 1983), and the optical constant of silicate and
graphite grains was taken from Draine & Lee (1984);
Laor & Draine (1993); Draine (2003). If the size pa-
rameter x = 2pia/λ, where λ is the wavelength, is larger
than 2× 104, we use the anomalous diffraction approx-
imation (van de Hulst 1957) instead of using the Mie
theory and assume Qpr ' Qabs.
Figure 2 shows the β-values for silicate and graphite
grains with various grain radii. For a & a few×10−2 µm,
Equation (8) well reproduces the βAGN-values. Since
graphite grains have slightly lower material density, they
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show slightly larger β-values than silicate grains. A dust
grain will be gravitationally unbound if βAGN > 0.5
(Burns et al. 1979). Since the β-values are much larger
than 0.5, dust grains will be blown out by AGN radia-
tion pressure as long as other forces are negligible.
2.2.2. Radiation Pressure from Dusty Torus
In order to calculate the radiation pressure force due
to dusty torus emission, we divide the flat dusty torus by
a number of patches. Let the position vector of a patch
center is r and each patch has a width of (∆r,∆φ), the
radiation pressure from each patch may be written as
∆Frad,torus =
σd
c
∆Ω
(rp − r)
|rp − r| 
∫ ∞
0
Bν(Td)Qpr(a, ν)dν,
(9)
where Bν is the Planck function, Td is the temperature
of the dust grains, and ∆Ω is the solid angle of the patch.
The solid angle is given by ∆Ω = r∆r∆φ cos θ/d2, where
d = |rp−r| is the distance between the torus patch and
a grain, and θ is the angle between the unit vector along
the z-axis (polar direction) and rp−r. Using the particle
coordinate rp = (rp, φp, zp) and the position vector of
a patch center r = (r, φ, 0), we obtain cos θ = zp/d.
Integrating Equation (9) from rin ≤ r ≤ rout and 0 ≤
φ ≤ 2pi, the radiation pressure due to torus emission
becomes
Frad,torus =
σSBσd
pic

∫ rout
rin
rdr
∫ 2pi
0
dφ cos θT 4d 〈Qpr〉Td
(rp − r)
d3
,
(10)
where 〈Qpr〉Td is the Planck mean radiation pressure
efficiency.
2.2.3. Gas Drag
A charged grain moving through ionized gas experi-
ences two kinds of gas drag: (i) direct collision and (ii)
Coulomb interaction. Since we assume that gas is at
rest, the velocity of a dust grain vp = |vp| coincides
with the relative velocity between gas and dust vrel.
When a dust grain charged with Zd (in electron charge
unit) is moving though gas with the relative velocity vrel,
the drag forces can be expressed as (Draine & Salpeter
1979)
Fdrag =−Fdrag vp
vp
, (11)
Fdrag = 2σdkBTgnH
{∑
i
Ai[G0(si) + z
2
i φ
2 ln(Λ/zi)G2(si)
}
,
(12)
where kB is Boltzmann’s constant, Tg is the gas tem-
perature, nH is the number density of hydrogen atoms,
Ai is the abundance of gas species i, zi is the charge
of gas species i (in electron charge unit), and si =
(miv
2
rel/2kBTg)
1/2 is the normalized relative velocity;
where mi is the mass of gas particles of species i. The
normalized grain potential φ and the Coulomb logarithm
Λ are given by
φ=
eU
kBTg
, (13)
Λ =
3
2aeφ
(
kBTg
pine
)1/2
, (14)
where U = eZd/a is the electrostatic potential of a grain
and ne is the number density of electrons. At the right-
hand side of Equation (12), the first and the second
terms in the parenthesis represent drag forces due to di-
rect collision and Coulomb interaction, respectively. Ap-
proximate forms for G0 and G2 are (Draine & Salpeter
1979)
G0(s)≈ 8s
3
√
pi
(
1 +
9pi
64
s2
)1/2
, (15)
G2(s)≈ s
(
3
4
√
pi + s3
)−1
. (16)
Equations (15 and 16) are accurate to within 1% and
10% for 0 < s <∞, respectively.
The gas phase abundance is defined by Ai ≡ ni/nH,
where ni is the number density of species i. The abun-
dance is taken from the standard solar elemental abun-
dances (Grevesse & Sauval 1998). In this study, we con-
sider hydrogen, helium, carbon, nitrogen, and oxygen
atoms, and their abundances are AHe = 8.51 × 10−2,
AC = 3.31 × 10−4, AN = 8.32 × 10−5, and AO =
6.76 × 10−4. For the sake of simplicity, every ion is
assumed to carry +e charge, then zi = 1. The electron
abundance is Ae = 1.09.
Recently, Hoang (2017) pointed out if drift velocity
exceeds a few percent of the speed of light, Equation
(12) breaks down because the penetration length of an
incident atom becomes comparable to or larger than the
dust grain size. Although typical drift speed treated in
this study is marginally lower than this threshold, we
still use Equation (12) for the sake of simplicity.
2.3. Grain Charging
In order to compute the Coulomb drag force, we need
to know grain charge. We compute grain charge Zd by
solving the rate equation (Weingartner et al. 2006):
dZd
dt
= Jpe − Je + Jsec,gas + Jion, (17)
where Jpe is the photoelectric emission rate, Je and
Jion are the collisional charging rate of electrons and
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ions, respectively, and Jsec,gas is the secondary gas emis-
sion rate (see Appendix A for more detail). Photoelec-
tric emission, ion collisions, and secondary gas emission
make grains being positively charged, while electron col-
lisions make them negatively charged. Typical collision
timescale of electrons for a neutral grain is J−1e ∼ 0.03
s, where we have used Tg = 10
5 K, a = 0.1 µm,
ne = 10
3 cm−3, and se = 0.5 (see Equations A2 and
A3). Since charging timescale is much shorter than dy-
namical timescale, we can assume the steady state for
grain charge. In addition, we also ignore charge distri-
bution because grains will be highly charged in the AGN
environments (Weingartner et al. 2006). Thus, in this
paper, we solve Jpe − Je + Jsec,gas + Jion = 0 to find Zd.
Solutions of Equation (17) are presented in the com-
panion paper (Tazaki et al. 2020) (see also Weingartner
et al. (2006)).
2.4. Sputtering
Dust grains at the vicinity of AGNs may be sputtered
by gas either thermally or kinetically (non-thermally).
The sputtering rate can be expressed as (e.g., Draine
& Salpeter 1979; Dwek & Arendt 1992; Nozawa et al.
2006)
1
nH
da
dt
= −msp
2ρs
∑
i
(
8kBTg
pimi
) 1
2
Ai
e−s
2
i
2si
×
∫ ∞
min
di
(
1− ziφ
i
)√
ie
−i sinh(2
√
isi)Y
i
sp[(i − ziφ)kT ],
(18)
where i = Ei/kBTg is normalized kinetic energy of an
impacting ion, Y isp is the normal-incidence sputtering
yield, andmsp is the average mass of the sputtered atom.
The sputtering yield is calculated based on the model
described in Nozawa et al. (2006) (see also Appendix
B).
Figure 3 shows the sputtering rate as a function of the
relative velocity. Sputtering can be classified into two
origins: thermal sputtering and kinetic (non-thermal)
sputtering (e.g., Dwek & Arendt 1992; Nozawa et al.
2006). The former one is sputtering due to thermal mo-
tion of gas particles, whereas the latter is driven by the
relative velocity between gas and dust. In Figure 3, the
sputtering rate at the low velocity domain (vrel  102
km s−1) corresponds to the rate of thermal sputtering.
It can be seen from Figure 3 that with increasing grain
potential, the thermal sputtering rate decreases. This is
because collisions of thermal ions are suppressed due to
the Coulomb repulsion force between a grain and the
ions. In Equation (18), a collision between a positively
charged grain and a hydrogen ion with kinetic energy
of about thermal energy (i ' 1) occurs when ziφ/i =
eU/kBTg . 1. Thus, thermal sputtering occurs when
Tg & 3.5× 106 K
(
U
300 V
)
. (19)
Since dust grains exposed to the radiation from cen-
tral engine usually become charged with a few hundreds
of volts (Weingartner et al. 2006; Tazaki et al. 2020),
thermal sputtering is not likely to occur unless the gas
temperature is extremely high.
Similarly, kinetic sputtering due to hydrogen-ion col-
lisions occurs when ziφ/i = 2eU/mHv
2
rel . 1, where we
have used i = mHv
2
rel/2kBTg. As a result, we obtain
vrel & 2.4× 102 km s−1
(
U
300 V
)1/2
. (20)
As we will show, typical relative velocity, which is set by
the terminal velocity (see Equation (24)), can be much
higher than this velocity when the Coulomb drag force
is weaker than the radiation pressure force. Hence, we
can expect kinetic sputtering at the vicinity of AGNs.
When kinetic sputtering is dominant, Equation (18)
can be reduced to more simple form. In the limit of high
relative velocity (si → ∞), we obtain (Dwek & Arendt
1992; Nozawa et al. 2006),
1
nH
da
dt
= −msp
2ρs
vrel
∑
i
AiY
0
i
(
miv
2
rel
2
)
, (21)
where we have ignored grain charge.
3. RESULTS
In this section, we investigate drift-induced sputtering
at the pc-scale regions of AGN. In Section 3.1, we study
the condition for the hypersonic drift, which is necessary
to cause drift-induced sputtering. In Section 3.2, we
solve grain dynamics and destruction to show how drift-
induced sputtering occurs around AGNs. Section 3.3
investigates the effect of radiation from the dusty disk
on trajectory of a grain and discusses how grains are
blown out to the polar region.
3.1. Grain Drift Velocity: Subsonic or Hypersonic?
The terminal velocity of grains will be set by the bal-
ance between radiation pressure and gas drag. Figure 4
shows the gas drag force relative to the radiation pres-
sure force as a function of the relative velocity for a
wide range of parameters. As shown in Figure 4(a), the
gas drag force consists of two contributions: Coulomb
drag and collisional drag (see also Section 2.2.3). At the
low velocity regime, the Coulomb drag force dominates,
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Figure 3. Sputtering rate with Tg = 10
6 K. Left and right panels show the sputtering rate of silicate and carbonaceous grains,
respectively. Solid lines are the solution to Equation (18), where different colors correspond to different grain charge. Dashed
lines shows the kinetic sputtering rate (s 1, see also Equation 21).
while at the high velocity regime, the collisional drag
force dominates.
First of all, we study how the Coulomb drag force
varies with parameters. The Coulomb drag force be-
comes maximum when the relative velocity approxi-
mately coincides with the thermal velocity of gas. Since
the thermal velocity is proportional to
√
Tg, the peak
velocity at which the Coulomb drag force is maximized
shifts toward larger velocities for higher gas tempera-
ture (Figure 4b). In addition, the Coulomb drag force is
weaker for higher gas temperature. With increasing the
gas temperature, a grain will be more positively charged,
which makes Coulomb drag strong; however, in the same
time, kinetic energy of gas particles is also increased,
which makes Coulomb scattering difficult. Since the lat-
ter effect dominates the former one, the Coulomb drag
force becomes weak for higher gas temperature.
The Coulomb drag force also increases as the gas den-
sity due to more frequent collisions (Figure 4c), although
the Coulomb drag force is not simply proportional to the
gas density. This is because higher gas density provides
more electrons in the gas phase, which results in reduc-
ing the grain charge.
The Coulomb drag force is weaker for smaller parti-
cles because of larger normalized grain potential φ =
e2Zd/kBTga (Figure 4d). φ usually increases with de-
creasing grain radius as long as a & 0.1 µm as suggested
in Figure 4(d) (see also Weingartner et al. 2006). In
Figure 4(d), the Fdrag/Frad-values suddenly increases
for grains smaller than 0.01 µm. This is mainly due
to the reduction of the radiation pressure force with
respect to the one expected from Equation (8), which
happens when a . 0.1 µm (see Figure 2). Silicate grains
are slightly more charged than carbonaceous grains, and
then, the Coulomb drag force is slightly larger for silicate
grains (Figure 4e). The ratio also depends on the initial
distance, rinit. As rinit increases, the ratio increases due
to reduction of radiation pressure forces.
Next, we study the collisional drag force. In the limit
of s  1, the drag force (Equation 12) due to direct
collision can be reduced to
Fcoll,s1 ' σdnHv2rel
∑
i
miAi. (22)
By using Equation (6), we find
Fcoll,s1
Frad
' cnHv
2
rel
∑
imiAi
FAGN〈Qpr〉AGN , (23)
where FAGN = LAGN/4pir
2
p is the AGN radiation flux.
Therefore, as long as 〈Qpr〉AGN ≈ 1, which becomes
good approximation for grains larger than ≈ 0.1 µm (see
Figure 2), Equation (23) does not depend on any grain
properties, such as size and composition, as well as the
gas temperature, as shown in Figure 4(b,d,e). Note that
in Figure 4(e), a very subtle difference in Fcoll,s1/Frad
between silicate and carbonaceous grains can be seen.
This is due to the slight difference of 〈Qpr〉AGN arising
from their difference of optical constants.
Finally, we discuss the terminal velocity of a grain.
As mentioned, Coulomb drag is maximized when the
relative velocity is similar to the thermal velocity of
gas. Therefore, if radiation pressure balances with
Coulomb drag, the terminal velocity becomes subsonic.
On the other hand, if radiation pressure is stronger than
Coulomb drag, and then it finally balances with colli-
sional drag, the terminal velocity will be hypersnoic.
In the case of the hypersonic drift, the terminal ve-
locity can be found from Equation (23) by setting the
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left-hand side as unity, and it becomes
vterm =
(
FAGN〈Qpr〉AGN
cnH
∑
imiAi
)1/2
, (24)
'3.5× 103 km s−1〈Qpr〉AGN
( nH
103 cm−3
)− 12
×
(
LAGN
1045 erg s−1
)1/2(
rp
1 pc
)−1
. (25)
For a & 0.1 µm, we have 〈Qpr〉AGN ≈ 1, and hence,
the terminal velocity does not depends on grain radius.
Since this velocity is higher than the threshold velocity
of kinetic sputtering (Equation 20), kinetic sputtering is
found to be important.
Figure 5 shows the parameter range where the
sub/hyper-sonic drift occurs. As mentioned, Coulomb
drag becomes weaker for higher gas temperature and/or
lower density. The boundary of the sub/hyper-sonic
drift depends on the grain radius. At the pc-scale po-
lar regions of AGN, the gas temperature can be heated
higher than 104 K, and the gas density are less than
103 cm−3 (e.g., Wada et al. 2016). For example, for
Tg = 10
4 K, nH = 10
2 cm−3 and rinit = 1 pc, grains
larger than 0.1 µm will be subjected to the hypersonic
drift, whereas grains smaller than 0.1 µm results in the
subsonic drift. Although very small grains can avoid
destruction by sputtering, they might be disrupted by
Coulomb explosion (Tazaki et al. 2020). In addition,
the boundary also depends on the initial distance of a
grain from the AGN. As shown in Figure 5 (bottom),
for nH . 80 cm−3, grains larger than 0.1 µm initially
located within 5 pc from AGN can be accelerated to the
hypersonic velocity.
Although we have treated gas temperature and gas
density as individual parameters, those could be related
each other. It is important to study how they are related
each other in the AGN environment (e.g., Stern et al.
2014) and how this affects grain dynamics. However,
this is beyond the scope of this paper.
3.2. Drift-Induced Kinetic Sputtering
In order to study dynamics and dust destruction, we
solve the equation of motion (Equations 2 and 3), grain
charge (Equation 17 with steady state assumption), and
sputtering (Equation 18), simultaneously. Here, we
ignore IR radiation from the dusty disk, and there-
fore, grain motion becomes one dimensional (radial).
The gas density and temperature are assumed to be
nH = 10
3 cm−3 and Tg = 105 K, respectively. Thus,
sub-micron-sized or larger grains at rinit = 1 pc are sub-
jected to the hypersonic drift (Figure 5).
Figure 6 shows the time evolution of the grain drift
velocity. Initially, dust grains are accelerated by the
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radiation pressure and reach the terminal velocity (see
Equation 24). The acceleration time to reach the termi-
nal velocity is typically about
tacc≡ mdvterm
Frad
, (26)
'19 yr〈Qpr〉−
1
2
AGN
(
a
1 µm
)( nH
103 cm−3
)− 12
(
LAGN
1045 erg s−1
)−1/2(
rp
1 pc
)
. (27)
Thus, larger grains require more time to reach the termi-
nal velocity. Once the grains reach the terminal velocity,
grain radius gradually decreases as they drift because
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the relative velocity is high enough to cause sputtering
(Figure 7). The sputtering timescale is typically about
tsp≡
[
1
a
(
da
dt
)]−1
, (28)
'6.6× 102 yr
(
a
1 µm
)(
msp
20 mH
)−1
×
( nH
103 cm−3
)−1( vrel
103 km s−1
)−1(
Ysp
10−2
)−1
(29)
As long as 〈Qpr〉AGN ≈ 1, the terminal velocity (or
the relative velocity) does not depend on grain radius,
and then, we have tsp ∝ a. Therefore, smaller grains
are more rapidly eroded compared with larger grains.
Once the grain radius becomes below about 0.1 µm, the
grain drift velocity rapidly decreases as grain radius de-
creases. This is because the size-dependent 〈Qpr〉AGN
is decreased. Finally, dust grains will be disrupted by
Coulomb explosion, where grain charge causes grain fis-
sion (see Tazaki et al. 2020, for more detail).
Evolution of grain radius as a function of the distance
from AGN can be approximately reproduced by using a
simplified equation. By using Equations (2 and 21), we
can eliminate time derivative, and we obtain a simple
equation:
da
drp
=−msp
2ρs
nH
∑
i
AiY
0
i
(
miv
2
term
2
)
, (30)
where we have substituted the terminal velocity as the
relative velocity and ignored grain charge. We solve
Equation (30), and the results are shown in Figure 8
with dashed lines. Equation (30) is able to capture over-
all properties of drift-induced kinetic sputtering. A dis-
tance for which a grain can travel depends on the gas
density; a lower gas density increases the travel distance
(see Figure 8).
Figure 9 shows the drift distance defined by the dis-
tance between initial and final distances from AGN,
where the final distance is the location when grains
radius becomes 10−3 µm (see also the bottom panel
of Figure 7). With increasing gas density, drift dis-
tance decreases due to efficient sputtering. At nH .
20 cm−3, both submicron and micron-sized grains drift
longer than pc scales. On the other hand, At nH &
4 × 103 cm−3, 10 micron-sized grains are disrupted by
kinetic sputtering within sub-pc scales. As a result, in-
termediate density (nH ∼ 103 cm−3) is favorable for
submicron/micron-sized grains to drift less/more than
pc scales as long as gas temperature is higher than 105 K.
If gas temperature is lower than that, further lower gas
density is necessary to occur drift-induced sputtering
because Coulomb drag halts grain drift (see Figure 5).
3.3. Effect of Dusty Disk Emission on Trajectory
Next, we consider IR radiation from the dusty disk,
in addition to AGN radiation pressure, and study how
dusty disk emission levitates grains. Figure 10 presents
the trajectories of dust grains with various initial grain
radii. Each line terminates once the grain radius
becomes less than 10−3 µm. As shown in Section
3.2, larger grains are blown over longer distances than
smaller grains. As the torus luminosity () increases,
dust grains can levitate to higher altitudes. Addition-
ally, larger grains can be lifted to higher altitudes, due
to the larger radiation pressure cross-section to IR emis-
sion from the dusty disk. For example, Qpr of torus IR
emission for 3-µm grains is larger than that of 0.1-µm
grains. In contrast, because both 10- and 3-µm grains
have Qpr ' 1, the radiation pressure per unit mass for
10-µm grains is smaller than that of 3-µm grains. As
a result, the levitation of 10-µm grains is less efficient
than 3-µm grains.
We also found that the levitation due to torus emission
is a minor effect, as AGN luminosity is usually higher
than that of a dusty disk (e.g., Elvis et al. 1994; Richards
et al. 2006; Brown et al. 2006) with  = 0.1 − 0.3, in-
dicating that the IR emission from the dusty disk may
not be a crucial carrier of dust grains toward polar re-
gions. If dust grains are distributed in the inner polar
region, one can readily imagine that they will be blown-
out to the polar region. Figure 11 presents trajectories of
grains initially located in the inner polar regions. Small
grains become sputtered after traveling small distances,
whereas larger grains can be blown over larger distances.
Hence, if the polar dust grains originate from the inner
polar region, the drift-induced sputtering scenario pre-
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dicts a lack of small grains, leading to the suppression
of 10-µm silicate in MIR emission spectra.
4. DISCUSSION
4.1. Grain Growth in AGN environments
In Section 3, we implicitly assumed the presence of
micron-sized grains in the inner region of a dusty disk.
Here, we discuss the possibility of grain growth in the
AGN environments.
4.1.1. Growth by Coagulation in the Dusty Disks
There are two types of grain growth exist: condensa-
tion and coagulation.
Condensation (and evaporation) rate of a spherical
grain can be estimated by the Hertz-Knudsen equation:
da
dt
= saV0
(p− psat)√
2pimatomkBTg
, (31)
where p and psat are the vapor pressure and saturated
vapor pressure, respectively, sa is the sticking prob-
ability, matom is the mass of impinging atoms, and
V0 = matom/ρs (e.g., Henning 2010; Nozawa & Kozasa
2013). In Equation (31), we have assumed dust temper-
ature equals to gas temperature. If the supersaturation
ratio, S = p/psat, exceeds unity, condensation happens.
The condensation timescale is given by
t−1cond ≡
1
a
(
da
dt
)
= saV0
(
kBTg
2pimatom
)1/2(
1− 1S
)
natom
a
,
(32)
where natom is the number density of impining atoms.
For the case of S = 1.1, typical condensation timescale
of silicon atoms is about
tcond ' 1.6× 10
2
sa
yr
(
nSi
1.8× 106 cm−3
)−1
(
a
3 µm
)(
Tg
1500 K
)−1/2
, (33)
where nSi = ASinH is the number density of silicon
atoms. We have assumed nH = 5 × 1010 cm−3, which
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corresponds to the gas density at 0.4 pc away from the
black hole with 108 M (see Equations (3) and (4) in
Ichikawa & Tazaki (2017)). Since Equation (33) assumes
that all silicon atoms are in the gas phase, this timescale
should be regarded as the lower limit.
Another possibility of grain growth is coagulation, or
the hit-and-stick growth of dust grains. The coagulation
timescale of dust grains can be evaluated by
tcoag ' 1
scngrσcol∆v
, (34)
where sc is the sticking probability, ngr is the number
density of dust grains, σcol is the collision cross-section,
and ∆v is the relative velocity. Using the dust-to-gas
mass ratio f , the number density of grains is estimated
to be ngr = fnHmH/mgr. The relative velocity of grains
determined by their Brownian motion is given by ∆v =
(8kBT/piµgr)
1/2, where µgr is the reduced mass of grains.
Suppose two grains are identical and each grain has the
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mass mgr, ∆v = (16kBT/pimgr)
1/2. If each grain has
radius a, the collision cross-section is σcol = pi(2a)
2 =
4pia2. By assuming homogeneous spherical grains, we
obtain
tcoag' 2.6× 10
5
sc
yr
(
f
0.01
)−1(
nH
5× 1010 cm−3
)−1
(
a
3 µm
)5/2(
ρs
3.5 g cm−3
)3/2(
T
1500 K
)−1/2
,(35)
where ρs is the material density of dust grains. Except
for very small grains (with a radius less than 0.02 µm
for T = 1500 K), the collision velocity is slower than
the critical fragmentation velocity of silicate grains (∼
m s−1) (Chokshi et al. 1993). Therefore, it is reasonable
to assume the sticking probability of micron-sized grains
sc ' 1.
As a result, as long as the gas phase is sufficiently
supersaturated, which might be expected near the sub-
limation radius (e.g., Ros & Johansen 2013), condensa-
tion may dominates grain growth. Observations suggest
the typical AGN lifetime of 10–100 Myr (e.g., Martini
2004) and simulations (e.g., Hopkins et al. 2006) (see
also discussions in Inayoshi et al. 2018). Hence, grain
growth can potentially form micron-sized grains at the
inner region of dusty torus. Even if the condensation is
not efficient, coagulation may form large grains within
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the lifetime of AGN as long as the torus structure is
static.
4.2. Implications for the Silicate Feature of AGNs in
the MIR
In Section 3, we showed that small dust grains are
more readily destroyed due to drift-induced kinetic sput-
tering. One key observational expectation is the change
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Figure 12. Emission efficiency of silicate particles with var-
ious radii. The efficiency is normalized at λ = 5 µm. Refrac-
tive indices are astronomical silicate.
in strength of the silicate feature, which can be observed
in the MIR band.
Figure 12 presents the emission efficiency of silicate
particles as a function of wavelength for various dust
radii. For particles smaller than 0.3 µm, the silicate fea-
ture at ∼ 10 and ∼ 18 µm is prominent. In contrast,
the silicate feature is attenuated if a dust grain is larger
than 1.6 µm ≈ 9.8 µm/2pi, or the size parameter ex-
ceeds unity for the silicate feature wavelength. When
the size parameter exceeds unity, a dust grain with a
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moderate refractive index (|m − 1| ∼ 1, where m is the
complex refractive index) becomes optically thick for the
radiation; in this case, the emission approaches that of
a perfect blackbody. Therefore, the removal of small
grains and/or the prevalence of large grains makes the
silicate feature less prominent.
The recent high spatial resolution MIR interferometric
observations of the polar dust region often reveal a weak
silicate feature (e.g., Ho¨nig et al. 2012; Burtscher et al.
2013) as well as SED decomposition of the dusty polar
region (Lyu & Rieke 2018); these observations are con-
sistent with our results suggesting that only large-sized
dust grains can survive in such a region.
4.3. Silicate Feature among Type-1 AGN, Type-2
AGN, and ULIRGs as Buried AGN
Drift-induced sputtering can be expected when the
grains are exposed to the AGN radiation. Hence, this
process may also explain the observed differences in the
silicate features of type-1 and type-2 AGNs.
Conventionally, for type-1 (face-on) AGN, one would
expect that the silicate feature would be observed in the
emission because the heated silicate dust on the surface
of the inner dusty disk can be observed directly, i.e., al-
lowing for direct detection of the silicate features in the
emission. In contrast, for type-2 (edge-on) AGN, the
silicate feature would be visible in absorption spectra,
because the external dusty disk wall would block the in-
ner dust emission. Although the silicate feature shows
a wide range of variety both in type-1 and type-2 AGN
observationally (Levenson et al. 2007; Wu et al. 2009;
Hatziminaoglou et al. 2015), it is known that averaged
type-1 (face-on) AGN spectra exhibit weak silicate emis-
sion, unlike averaged type-2 (edge-on) AGN spectra that
exhibit deeper silicate absorption (e.g., Hao et al. 2007).
Such observational issues may be circumvented once
the smaller grains in the central few pc are disrupted un-
der AGN irradiation. Here, both the dust in the dusty
outflow region and the surface of the dusty disk pro-
ducing a dust continuum with silicate-free features, as
shown in Figure 12, can be observed directly for type-1
AGN. In contrast, the origin of the moderated level of
absorption in type-2 AGN would be a combination of
1) the contribution of silicate absorption from the dusty
disk, where the small-sized dust grains are still alive,
and 2) the contribution of silicate feature-free emission
from the partially visible dusty outflow region with a
size of a few pc (e.g., Ho¨nig et al. 2013).
If the above discussion is correct, it also naturally ex-
plains the dichotomy of silicate features between type-
2 AGN and ultra-luminous infrared galaxies (ULIRGs)
with a deeper silicate feature (e.g., Hao et al. 2007). Be-
cause most of the ULIRGs are considered to be buried
AGN obscured by dust in all directions (e.g., Imanishi
et al. 2010; Ichikawa et al. 2014), the dusty outflow
region is also highly obscured even if it exists. Thus,
ULIRGs have a deeper silicate absorption feature, com-
pared with those of type-2 AGN.
4.4. Comparison of Our Results with Previous Dust
Studies of AGNs
It is helpful to compare our results with previous
observational and theoretical studies of dust proper-
ties in AGNs. Aitken & Roche (1985) first reported
that a small-sized grain with a < 0.01 µm would be
easily destroyed in AGNs, and only larger grains with
a > 0.01 µm could survive due to the longer lifetime.
Laor & Draine (1993) also found that a dust grain size
of > 3 µm is preferable for AGNs with a deficit of sili-
cate features, and Laor & Draine (1993) also discussed
that the optically-thick dusts also strongly reduces the
amplitude of the silicate feature (see Figure 16 in Laor
& Draine 1993).
Baskin & Laor (2018) further discussed how the dust
sublimation area depends on the dust composition and
the grain size; this suggests that the silicate grain size
distribution will be shifted to a larger size, for a grain
size distribution of up to a ' 1 µm. Our results also
indicate that a much larger grain size with a > 1 µm
would be preferable in the polar dust region at a few
pc distance from the central engine; otherwise, the dust
would be completely evaporated at that distance. The
advantage of our result is that it is no longer necessary
to consider the dust composition issue, i.e., how only
purely carbon dust can be lifted up to the polar dust
region without silicate dust contamination.
5. CONCLUSION
We have studied the grain dynamics and destruction
around a geometrically thin AGN dusty disk by consid-
ering the radiation pressure from the AGN and dusty
disk IR emission. In this paper, we have proposed a
new dust destruction mechanism at the AGN environ-
ment, drift-induced sputtering, in which highly acceler-
ated grains due to AGN radiation pressure are destroyed
by kinetic sputtering (Figures 7, 8, 10, and 11). As a
result, smaller grains (. µm) are rapidly destroyed by
kinetic sputtering, whereas larger grains (& µm) tend to
survive over a longer timescale, leading to longer blown-
out distance for larger grains (Figure 9). Prevalence of
micron-sized or more larger grains can naturally explain
a lack of silicate features in MIR emission (Figure 12),
typically observed for type-1 AGN as well as polar dust
emission.
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The hypersonic drift occurs when the Coulomb drag
force is weaker than radiation pressure (Figure 4).
For lower gas density and/or higher gas temperature,
Coulomb drag tends to be weaker than radiation pres-
sure (Figure 5). In addition, the Coulomb drag force
depends also on grain radius, and larger grains experi-
ence weaker Coulomb drag (Figure 4d). For example,
when nH = 10
2 cm−3 and Tg = 104 K at 1 pc away
from the nucleus, the hypersonic drift is halted by the
Coulomb drag force for grains smaller than 0.1 µm. Al-
though these small grains are not destroyed by sput-
tering, Coulomb explosion may eliminate these grains
(Tazaki et al. 2020).
We have also investigated the role of dusty disk radi-
ation pressure on dust grain trajectories. Dusty disk ra-
diation pressure can levitate dust grains when the dusty
disk luminosity is as large as or higher than the AGN
luminosity. Since such a luminous dusty disk seems to
be unrealistic, the role of dusty disk emission for the
levitation of grains is rather limited.
Finally, we have shown the large (> 1 µm) grains
can be produced in the inner region of the AGN dusty
disk within a timescale shorter than the typical AGN
lifetime, indicating that the large grains are pervasive
throughout the AGN dusty disk.
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APPENDIX
A. GRAIN CHARGING RATE
The photoelectric emission rate is estimated by (Weingartner & Draine 2001)
Jpe = σd
∫ ∞
0
dν
cuν
hν
Qabs(ν)Ype(ν), (A1)
where Qabs is the photon absorption efficiency and Ype is the photoelectric yield. In this paper, we compute Ype based
on a model described in Weingartner et al. (2006). Namely, we consider photoelectrons of primary and secondary
origins as well as those emanated from auger transitions. The work functions of silicate and graphite are estimated
to be about 8 eV and 4.4 eV (Weingartner & Draine 2001). We take the photoionization cross sections from Verner
& Yakovlev (1995) and Verner et al. (1996), and auger transitions data are taken from Dwek & Smith (1996). Figure
13 shows the Ype-values for silicate and carbonaceous grains. Photoelectric yield becomes higher for smaller particles
because of small particle effect (Watson 1973; Draine 1978). A small particle is expected to show higher photoelectric
yield because an incident photon is likely absorbed nearer the surface than if it is absorbed in a slab, or the bulk
material (Watson 1973). As a result, photoelectron can more readily escape from the grain than the case of the bulk
material. We ignore the surface curvature effect on the yield (Kimura 2016), which may elevate the yield-value for
very small grains, such as nm-sized grains.
The collisional charging rate is given by (Draine & Sutin 1987)
Je = σdnese
(
8kBTg
pime
) 1
2
J˜
(
τe =
akBTg
q2e
, νe =
eZd
qe
)
, (A2)
where se is the sticking probability of colliding electrons, and me and qe = −e are mass and charge of the electron. J˜
is the correction term arising from Coulomb interaction between (i) an impacting particle and net-grain charge and
(ii) an impacting particle and the image charge resulting from the polarization of grain induced by the Coulomb field
of an impacting particle. The sticking probability is se = 0.5(1 − e−a/le), where le is the electron escaping length
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Figure 13. Photoelectric yield Ype used in this paper. Left and right panels show silicate and carbonaceous grains, respectively.
(Top): Ype for uncharged grains with a = 0.1 µm. Contribution from primary, secondary, and auger transitions are shown.
Ionization energies of the inner shells of atomic species composing the grain are indicated by vertical dashed lines. (Bottom):
Grain size dependence on Ype.
given in Equation (12) and (13) in Weingartner et al. (2006). The correction of collision cross section due to Coulomb
interaction, J˜(τ, ν), is estimated by (Draine & Sutin 1987),
J˜(τ, ν = 0) = 1 +
( pi
2τ
)1/2
, (A3)
J˜(τ, ν < 0)≈
[
1− ν
τ
] [
1 +
(
2
τ − 2ν
)1/2]
, (A4)
J˜(τ, ν > 0)≈ [1 + (4τ + 3ν)−1/2]2 exp(−θν/τ), (A5)
where θν = ν/(1+ν
−1/2). Equation (A3) is an exact relation, while Equations (A4 and A5) are approximate formulae,
which agree with numerical results to an accuracy of ±5% for 10−3 < τ < ∞ and ν ≤ −1 and ±4% for ν ≥ 1,
respectively. θν in Equation (A5) is also approximate formula, which is accurate within 0.7% for 1 ≤ ν <∞.
For the secondary gas emission rate, Jsec,gas, is also computed from Equation (A2) by using the secondary emission
probability δe instead of se. We estimate δe by using a model described in Draine & Salpeter (1979, see their Equations
14-16 and A7-A11). Similarly, the collisional charing due to ions is
Jion = σdnH
∑
i
Aisi
(
8kBTg
pimi
) 1
2
J˜
(
τi =
akBTg
q2i
, νi =
eZd
qi
)
, (A6)
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Figure 14. Sputtering yield adopted in this study. Left and right panels show sputtering yield of silicate and carbonaceous
grains, respectively. Different lines correspond to different impacting atoms.
where si is the sticking probability, mi and zi are mass and charge of ion, and the summation i is taken over various
atomic species. In this paper, we assume si = 1.
B. SPUTTERING YIELD MODEL
The sputtering yield is calculated based on the model described in Nozawa et al. (2006). Figure 14 shows the
sputtering yield of silicate and carbonaceous grains. The sputtering rate was based on bulk material measurements.
Note that the sputtering yield in the high-energy regime, where the penetration length of an incident particle becomes
comparable to or larger than the grain size, is still unclear. Jurac et al. (1998) reported that the sputtering yield
increased in such a regime, although more detailed studies are necessary to quantify this effect.
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